
( RADC-TR-77-68

IN-HOUSE REPORTFEBRUARY 1977

SVLF/LF Reflectivity of the Polar Ionosphere
4 January- 3 July 1976

JOHN E. RASMUSSEN
JOHN P. TURTLE
ROBERT P. PAGLIARULO
WAYNE I. KLEMETTI

~1if FULLY

Approved for public release; distribution unlimited.

ROME AIR DEVELOPMENT CENTER
AIR FORCE SYSTEMS COMMAND
GRIFFISS AIR FORCE BASE, NEW YORK 13441

CS LA.

-" .

-.-.



Best
Available

Copy



This report has been reviewed by the RADC Information Office (01)
and is releasable to the National Technical Information Service
(NTIS). At NTIS it will be releasable to the general public, in-
cluding foreign nations.

ThitniL r--eKt has been reviewed and approved for publicaticin.

Approved: E. A. Lewis, Chief
VLF/ULF Techniques Branch

Approved: CSchell, Acting Chief--
~Electromagnetic Sciences Division

FOR THE COMMANDER

Plans Office

4;:



Unclassified

SECURITY CLASSIFICATION Of HIS PAGE (*?7.-A V.t. Frit..d)
REPORT DOCUMENTATION PAGE BIEFORE COM1PLEI~NG FO0RM

n-JULP T 12GOVT ACCESSION NO. I RECIPIENT'S CATALOG NUMBEII( 5 ~~~ TYITPE.d STP OF REPORT & PERIOD COVErr!)

VLF/1,F REFLE--CTIVITY OF THEXULIAR nfos

6 PERFORMING GRG. REPORT NUMBER

;/ . o h n E / R a s u s s e "'~ CONTRACT OR GRANT NUMBERfl)

:John P. fturtle ~ ~WyeII\eet\ ________

Robert lPjPa47liarulo _________

La~~aMM~"T~f~ - ~10 PROGRAM ELEME14T PROJ. 'AS-

Depuity for Electronic Technology (RADC/ETEE) 627 P
flan'scorn A 113, 19 46efi60r-
Mlassachusetts 01731 46Ofr60

11 CONT ROLLING OFFICE NAME AND ADDRESS

Deputy for E-Ilectronic Technology (RADC/ETEE) brs l7 /

Massachusetts 01731 _____________

14 MONITORING AGENCY NAME 6 AOORESS(If differlew Iwo Controlling Ofic.e) 15 SECURITY CLASS (of thiv teot

V/ Ij' h,,? Unclassified
A IS- 01.CLASIFICA'ION DOWNGRADING

---------- SCH EDULE

~Approved for public release; distribution unlimited. /

I.7 DISTRIBUTION STATEMENT /I the Ab.t,.ct m*nid In RInd. 20. it diII,,el floin R.po'tI)

16 SUPPLEMENTARY NOTES

flarklev & IDe'~ter Labs

14 KEY WORDS fonfin,,, on *.vrv ,,e of ,,'cou.., and Id..nlit ?,, clockA-burr

SLF proIvatIioII

Loe r ioriospIherv

Z0 APS'flA,- 'C,,n1IInb , .1 d. fin11-. r -nd 1-fr1'Ii h1-

- ihis z(reprt Itwovides a sumviary of higih latitude ionospheric reflect i% it v
ais )bserv(l bv the V SA F hi t!h resolution \ I.F! I- ionosomidelRr oi'ratmL ,i inl
northern (Grf enlard. ion~osp~heric I'eflectiv'itv ImlrI)eter-, mIrtimllg rc(itectiotl

lcE0;andt coeffi - jii-ls, arf p1.'resentedlas a trinctinll of IliC1 (f dMy. \ I F lonIE!
path ropa:SIl 'l I aonIrns aloil. %%ith II I aIimntnleler and rjlitiE dla2.

DD :o, 1473 11. 1 NOVAS S DfPo:,.rIF ua-j!l?

SEIJ, A



Unclasasi fied

Une lasqs ifiv,I



'I Preface

'Ilihe authors thank in particular D~r. Edward A. L ewis for valuahle discussions

SI On prenariney this report. 'Mr. Royce C. Kaliler of Barkley & D~exter Labs for help

With tile equipment that made the measurements possible, and M~r. .Jeris Ostergaard

of the lDanish Meteorological Institute for thle outstanding operation at Qanacq,

G;reenland.

This research effort was funded in part by thle Dlefense Communication Agency

under I he T ri-Service Propagation Program.

ti

x,

iiL i ..- *..

1.£1..........



'I\

Contents

1. INTROD)UCTION7

'OBSER;IVE7D'\AvE F-ORI\IS9

2. 1 Wcekly~jE aniiple of-[Lniviclual Wa'ieformis,
2.2 Thre'e-Dimensiona'ItWa\'efor.-*i Presentation

3. REFLECTION iGHT'JSr IT

1. RE--FLECTION coF,,!FICIENTS 10

A5. SUPPLE'AENTARY IFORMATION I

.~16. A DDITIO NA LCOA'I ENTS 1

1 IREFERENCES 13

J. '111istrations

I. Geomictvry of the Propagation Path
2. Exam pie of the Obscrv,. 'L Iayefoi'nls 0

~.VLlF/LF Reflectivitv lta rex' the Po~lav Innosphiere,
DAY 4 (-1 Jan) - D)AY 10 (10 .!an) 1976 14

4. VJJ1,PIP Iteflectivity IY~ta foi'the Polar Ionosphere,
DAY I I (I1 I Aan) - DAY N' I (17 *lazx 197 6 '18

5.VI.FIM I.efJWIotivjt", Data fox' the Polar Ionostylierc,
DAY~ 18 (1fl .1ar DAY 24 (241 Jan) 1976 22



Illustrations

6. \,'LF/II leflcctivity Data foi- the ,lolarlonosphlerC.
DAY 25 (25 Jai) - DAY 31 (31 Jan) 1076 26

4 7. \LFI.F Reflactivity Data foi; the Polar Ionosphere.
1)A\Y 32 1! Feb) -)- DAY 318 (7 Feb) 1976 30

11. V ;I':II Refleetiv -ity Data'for tile "Pola r, onos phecre.

DAY, 39 (4 b)--DAY 45 (1.I Feb) 976 34

9.. VLFI. Ilefleetivit-l Data for the Polar Ionosphere,
I)AY 46 (14 Feb) - DAY 52 (21 Fob) 1976 38

10. VLI/LF' leflectivity Data for the Polar Ionosphere,
I)AY 53 (22 Fb - DAY 5 (28 eb) 1976 42

12. VL Il/.F Reflectivity Data for the Polar lon6sphere.
)AY 60 (24 Feb) DAY66 (6 Mar) 1976 46

12. VLF/I.F Reflectivity Data for the Polar Ionosphere,
DAY 67 (7 Mar)~-- )AY 73 (13 Mar) -1976 54

S14. V1.YIF Reflectivity Data for the Polar Ionosphere,
7DAY 74 (21 Mar)- -AY 87 (2' ar) 1976 54

14. VI.i4.F/LF lleflectivity Data for the Polar Ionosphere,
-DAY 81 (21 lar)I--DAY 87 (27 Mar) 1976 58

15. VLF/l.F leflectivity Data for the Polar Ionosphere,
DAY 18 (211 Mar) -- DAY 94 (3 Apr) 1976 62

16. VLPiLF Reflectivity Data for the Polar Ionosphere,
DAY 05 (4 Apr) - DAY 101 (10 Apr) 1976 66

17. \r /LF Refleectivity Data for the Polar Ionosphere,
DAY 102 (11 Apr)- DAY 108 (27 Apr) 1976 70

1. V rLF/I.F Reflectivity Data for the Polar Ionosphere,
-I 1DAY 109 (18 Apr)- DAY 115 (24 Apr) 1976 74

19. VLF/LF Reflectivity Data for the Polar Ionosphere,
DAY 116 (25 Apr) - DAY 122 (1 May) 1976 18

20. VLF/LF Reflectivity Data for the Polar Ionosphere
;DAY 123 (2.May) - 2DAY 12 (8 May) 1976 82

21.- VLFJFi" Reflectivity Data for the Polar Ionosphere,
DAY 130 (96 May) -- DAY 136 (15 May') 1976 86

*[, 22. VLF/LF Reflectivity Data for the Polar Ionosphere,
DAY 137 (26 May) -DAY 143 (22 May) 1976 90

23. VLF/LF -Reflectivity Data for the Polar Ionosphere,

24. VIF/JLF Reflectivity Data for the Polar Ionosphere,
DAY 151 (30 May), - DAY 157 (5 Jun) 1976 98

25. VLF/LF Reflectivity Data for the Polar Ionosphere,
DAY 158 (6 Jun) - -DAY 164 (12 Jun) 1976 102

26. VLP/LF Reflectivity Data for the Polar Ic osphere,:': DAY 165 (13 ,l.un) - DAY 171 (19 Jun) I'M7 106

27. VLF/LF Reflectivity Data for the Polar Ionosphere,DAY 172 (20 Jun) - DAY 178 (26 .hn) 1976 110

,1 28. VLF/LF Reflectivity Data for the Polar Ionosphere,

6It * 1Y102 u)- ) 8 3,u)17 1

5&~2- -- ____ ___ ____ ____ ___ ____ ____ _,_



VLF/LF Reflectivity of the Polar Ionosphere

4 January-3 July 1976

;'i, ioI. lN'IhOIfl(:T|ON

This report provides-a summary -of. higllatitude ionosheric-reflctivity, as
observedlby the'USAF's high resolution VL/LF 'onosounder operattrgin northern

Greiland..1, 2 As shown in .iigure 1',I the transmitter is located at Thule.Air Base

1. Greediand (76 ° 33'N. Lat., 68' 40'W, -Long.), and the receiving-site is 106 km

I ' r.irth 't the Danish Met6orokoical nstitute's, lonospheric Observatory in Qanaq,

'Greenlandi77" 2,'N.,Lat., 6, ° 20'W., Lng., Geomagnetic Lat., 89' 06' N).. !the

ionosounding transmissioni co'nsist o!f a series of extremely short (appraxiimately

100 jI sec, VLF pulses, precisely controlled in-time, and- radiated from a 130 meter

qt vertical antenna. At the receiving site, orthogonal loop antennas are used to sepa-
rate the two polarization components of the ionospherically reflected skywave signal.

One antenna., rionted in the plane of propagation, is used to sense-the groundwave
and.the "parall " componentof the downcoming'skywave. The second loop, nulled.

on the grounda( sen!es-the 'p6e'pendicular" skywave component. The signal

-
" from each of the 1--4ennas is-digitally averaged tou-improve the signal-to-noise ratio

*(11eceived-for publication 15 Febrary 1977)

I. LWis, E. A. , .11asmussen, J. E., and Kossey, P.A. (1973) Measurements of
ionosperic reflectivity fr %in 6 to 3I5 kliz, .1. Geophys. lles-, 5.,:lg.

- 2. Kossey, P. A.. lasmusen, J. E, , and Lewis, 1. A. (1974) VLF pulse iono-
sounder measurements of-the reflection properties ofrthe lower ionosphere,
Akademie Verlaq, COSPAil, ,July.
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Figure 1.Geometry or the Propalgation Path

of -the individual. received wAve;i)r'ns before they ire recordedl oil magnetic tape.
An example of the ohserv&,d osveforms is given-in Figure 2, where the pardllel

waveform (Figure 2a) consisl,6 of (0-a-gro-ahdlwave pr'opagated pulse0, (2) a quiet
interval containing low level, off path gr-oundwave reflecctions,* folltowed by 13)'he
first-hop skywave signal. The pppondicuhpr waiveforml Is shown in Figure 21).

lonos oheric ref lection para iieters are derived by computer (A FOL's CDC 6600)
processing of the ground~ and iorsospheri rally rc-leIctedl waveforms with all ownne

made for factors such as ground t o3nductivity (see Scef ion -1) and antenna patterns.
Although the data are recoroodabout. once per minute, for this report the wave-

forms are averaged into 2-hr zime'bhtcks and the resulting information is presentel

in a weekly format (Figures .3 through 2h~) tis described below.

A~A



GROUND WAVE
PARALLEL SKY, -WAVE

W OPNN

-W- a. "Piarallel" waveform sensed by the loop antenna oriented in the-plane of-propagation
9- PERPENDICULAR SKY WAVE
J COMPONENT

b. "Perpendicular", wveorm sensed by-the loop antenna oriented perpendicular to
the plane of propagation

0 100 200 00400 500-
I M4E - MICROSECONDS.

Figure 2. Examnple of tile Observed Waveforms

2.' 0BSFIIVFI),WA%'FF0H.1.S

In Part A -of-Figuros 3 through-21 a set or averaged parallel and-perpendlicular

wave rornis is presentcd -for thc Li me ~l)Ick centeredl near local -noon of the indicatedl

- gsec apart. -In Part 13 of the figures. thle groundwave Fourier amlitudes are
shown as a rtiziction-or-rrequency. Althoth the data presented in Parts C through

lob oftil spctrminformation at higher frequencies can be used when sufficient

sigalTt-mnis (ondtinsexist. T*here is, however, a frequency range-around

eachspetra nul wereinsufficient signal- exists for measurements.

A treedimnsinaldisplay, or thle recordeci 11 Wnveforms covering eachi week-

iy period is shown in P'art H or eachi frigure and( the corresponding _L waveforilis are -

C-shown in Part S. Por these plots thle data has been averaged into 15-mirt timle

'Ihle Polar Cap Absorption event or l)AYN 121 causedl the-skywive reflection to

adlvance approximately 110 IL sec, moving it into thec-time period occupicledh thle

apparent of-path groundwave refle-ctions. Because or- the stability of these ground-



wave reflections, they canbe removed by computer processing so as notAo inter-

fere with the~skywave signals. This has been done in 1arts I and S aT.'igures 19

and 20 in the portion of the waveforms between 140 and 280 11 sec.

:. REFLECII()N EI;ITS

V. 'The group mirror height (GMHI) of. reflection was obtained by determining the

group delay of the skywave relative to the groundwave and attrihut.ng this time
difference, by-simple geometry (assuming a sharply bounded-nirror-like ionos-

phere), to a difference in-propagationdistance. As discussed in Lewis et al, the
group delay can be defined as the rate of change of phase with frequency. For the
G1\II data presentedfin this report, a finite frequency difference of 1. 0kilz was
used, and the corresponding phase difference as a function of frequency for-the
groundwave and bothskywave signals was obtained by Fourier analysis of the

respective pulses. The GMIt calculations took into account ground conductivity

(10- 3 ruho/meter is assumed), and the corrections of Wait and hlowe 3 were applied.
Group mirror heights-are;plottedas a-function of-frequenev in 'arts C and D

of Figures 3-through 28, as obtained from the parallel and perpendicular wave-

forms, r'espectively; The GiI's are also-presented.as a function nf time-of-day
for tie average, frequency of ,16.5 kllz in figure Parts Elandl. The parallel GMII's
in Part L are shown along with an average reflection height for reference purposes.

Each pointof , tle reference height is-a weekly average, by time-block, foi' the 7-day
period ndicated. The corresponding perpendicular 0MII's, Part I or the figures,
are also shown with the weekly average for comparison. Part G gives the average,
by time block,foi- the daily parallel GMII data of Part E, and Part K gives the
correspondini per'oendicular GIMit averages from the daily data of Part 1.

I. II FI.L'TION COEFFICIENTS

Assuming that the ionosphere acts as a "mirror" at the GiIIT, plane wave
refletion -oeffieients' were obtained by L omparing the ratio nr theskywave Fourier

amplitude at a specific frequency to that of the groundwave, taking into account tie
antenna patterns, wave spreadinti, earth utr'vature, ground t-onduotivitv, path,

glenths, -.nd antenna patterns inchldiri ground image effe-ts.

3. Wait, .1. I. and Howe, 11.11. ( IPS6i Amplitude and Phase Curves foir Ground-
Wave P'ropaqation in the Band 200 tycles per Second to 5o00 Kilocycles.
Nat. Bir. Stand. U.S. CirC, n. ntad.

4. Budden. K. ;. (1961 1)adto Waves in tile Ionosphere, p. 85, Cambridge
Vniversity Press, london; -
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The reflection coefficient i was obtained from analysis-of the parallel

skywave component and is plotte d as a-function of frequency it Part C of Figures

3 through 28. The 11 1111 coefficient ror- 16 kllz is plotted as a- function of time-of-

day in Part F alongwith the average of the indicated week for-reference puiposes.

From the perpendicularskywave pulse, the- coefficient 11 kas obtained and-

appears-as a function of frequency in Part 1). The 16kllz I 11.± is shown along

wifi its reference in Part J. Parts l and 1, presenit the aveiage,, by tiime block,

of the daily Rii and ii 1j data presented in Parts F and .1. respectively.

For certain -coefficient data points, plotted as asterisks-(*), the reflection

coefficient appears without-a corresponding CMII. For these particular data, only

the skywave-groundwave ratios could be,obtained as the skywaves were too weak

to provide reliable group delay information. The reflectioncoefficients were there-

fore estimated using a nominal CMiI of 80 km in thecalculations. These estimated-

coefficient-values are included in the averages presented in Parts II and L, but the

assumed heights are not used in the CMI averages shown in Parts C and K.

5. SUPPLEMENTARY INFORMATION

For purposes of comparison and interpretation, certain supplementary data

are presented. Figure Parts M and Ngive the received VLF phase and amplitude

from the- 18..6 kliz station-NLK (transmitter location: Jim Creek, Washington), as

observed at Thule AB~over a 3900,-km propagation path. Part Oof. the figures shows

-the magnitude of the horizontal component of the polar magnetic flild-o~bserved with

a-three-axis fluxgate magnetometer, and Part P presents 30-MHz riometer data,

an indicator of-D-region particle precipitation. -These supplementary data were

recorded at 30-see interVals by AFGL's Geopole Observatory at Thule AB, the

curves represent the average of 10-min periods. The Geopole-Observatory was

closed by AFGL in June 1976; however, the'operation of the VLF/LF receivers,

rionieters, and magnetometers has been assumed by RADC/ETEE. The solar ,enith

angle is given, in Part Q of Figures,-3 through 28,for the indicated mid-week date.

I,

- 6. ADDITIONAL COMMENTS

It is noted that during the period covered by-this report the effects of three

polar ionospheric disturbances can be seen in the data. The first occurred at about
0230 UT on DAY 23 (23 January). At this time the 30 MHz-riometer shows a spike
of absorption which generally indicates the passage of an intense polar aiiroral sub-

storm. At approximately the same time the VLF/LF reflectivity data shows a

rapid lowering of the reflection height which recovers within about two hours.

11
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The effects of a second disturbance can-be seenin the ionosounder data for the

period DAY 86 - 91' (26 March - .April). The magnetometer records indicate

that there was strong magnetic activity during'this period. The third disturbance

was a moderate energetic-particle event which resulted in a:peak of about 3 d1B

absorption on the'30 MHz riometer during DAY 121 (30 April). The VIF/LF

o ionospheric,.reflectivity data again shows_ a-rapidIoweringof the -reflectionheight;,

howev!'r., in this case it does ntreturn to the normal diurnal pattern for about

six k s
cm.5,-6, 7, 8, 9

This report-is one-of a series. Comments and suggestions for im-

proving its usefulness should be addressed to the VLF/ULF Techniques Branch

(ETEE), Electromiagnetic Sciences Division, Deputy for Eliectronic Technology

(RADC/ETEE) Hariscom AFB, Massachusetts 01731;

5. Rasmussen, J.E., McLaini R.J., Capt, USAF, and Turtle, JiP. (1976

VLF/LF Reflectivity of the Polar Ionosphere. 19January - 2 March 1975,

AFCRL-TR-76-004 . -

6. Rasmussen, J.E., MdLaih,- R.J.,, Capt, USAF, and Turtle, J.-P. (1976)

VLF/LF Reflectivitof-the Polar:Ionosphere, 2 March - 3 May 1975, RADC-

TR-76r145.,

7. Rasmussen, J.E., McLain, R.J., Capt, USAF, Turtle, J.P. and Klemetti,

W.i. (1976)-VLF/LF- Reflectivtty of the Polar/Ionosphere., 4'May,- 5,July

-1975, RADC-TR-76-270--

8. Rasmussen, J.E., McLain, R.J., Capt. USAF, Turtle, J. P. and Klemetti,

W. 1. (1976) VLF/LF Reflectivit ofthe Polar -Ionosphere, 20 JIly - 20

September 1975. RADC-TR-76-327. -

9. Rasmussen, J. E., McLain, R.J., Capt, USAF, Turtle, J. P. and Klemetti,

W. (1976) VLF/LF RflectivitX of the Polar ionosphere, 21 September

1975 -'3 January1976, RADC-TKH-75-378.
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Figure3. 'VLF/ILF Reflectivity Data for the Pblar lonospherep DAY 4 (4 Jan)-
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Rom Air Development Center

RADC plans and conducts research, exploratory and advanced
development programs in command, control, and communications
(C3 ) activities, and in the C3 areas of information sciences
and intelligence. The principal technical mission areas
are communications, electromagnetic guidance and control,
surveillance of ground and aerospace objects, intelligence
data collection and handling, information -.stem technology,
ionospheric propagation, solid state sciences, microw&Ve
physics and electronic reliability, maintainabilitu and
compatibility.
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